been produced by laser surface alloying on pure iron substrates with predeposited silicon powder. The coatings showed excellent adherence without any pores or cracks. They were compositionally and microstructuraly homogeneous, exhibiting two to three times higher surface hardness values than pure iron. High temperature oxidation resistance of the coatings were tested in the temperature range 1173-1273 K in static pure oxygen ( P~, = 13.3 k~a )
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. Their superiority compared to bulk alloys and CVD coatings is discussed.
Introduction.
High temperature alloys are expected to serve in a demanding atmosphere by maintaining their physical integrity which is imparted to them by addition of specific alloying elements. However, in the development of such alloys, it has always been encountered that good strength property is obtained only at the expense of oxidation resistance for which many of the presently used alloys need to be coated for satisfactory services under an agressive atmosphere. Protective coatings in oxidizing atmospheres are broadly classified into three main groups, depending on the type of protective scales they form: a) alumina formers; b) chromia formers and c) silica formers. There have been many investigations on the development of Cr20g and Also3 scales. However, studies relating to the development of the third protective scale, i.e. SO2, have been very few and as such, comparatively little is known about its mode of formation and growth.
Additions of suitable amount of silicon to the bulk of wrought and cast iron-base alloys have been found to increase surface properties like, resistance to oxidation [I-61, sulfidation [5] and carburization [7] at high temperatures as well as to corrosion in aqueous inorganic acids [8] . But silicon being a ferrite stabilizer, its addition in large amount impairs the desirable mechanical properties, particularly strength and ductility, for which most of the earlier studies [l-4, 61 were confined to 10 at% Si. NOW, if the alloying addition could be confined only to the surface of the alloy by adopting surface modification technologies like reactive CVD [9], pack cementation [lo] or laser surface alloying [ll-131, improved surface properties could be achieved without affecting the bulk properties.
Laser surface alloying provides an unique opportunity where, with ease, rapidity and cleanliness, very high rate of energy delivery facilitates localized surface melting of the predeposited alloying element and a portion of the substrate to form controllable microstructures. This paper describes the preparation and characterization of Fe-Si surface alloys as coatings produced by irradiation of varying quantities of predeposited silicon powders on iron substrates for which no reporting exists in the literature. Further, the morphologies of the surface alloys so formed, their microhardness characteristics and high temperature oxidation behaviour are reported.
Experimental procedure.
Silicon powders (d N 160 pm) suspended in ethanol were uniformly deposited by spraying on the degreased surfaces of pure iron (supplied by MIS Goodfellows Metals Ltd having a purity of 99.5% with principal impurities as Si, Mn and C) blocks of dimensions 20 x 15 x 1.5 mm and left to dry in air. The two different quantities of silicon deposited corresponded to an area coverage of 4 and 9 mg . cm-2 and this resulted in predeposit thickness of 17 and 40 pm respectively. Irradiations, which were performed under argon gas shield to prevent premature oxidation, were done with a continuous wave Nd:YAG laser having a maximum attainable power of 300 Watts and guided by an optical fibre to produce a spot diameter of -950 pm.
The computer controlled x-y translation stage has a maximum theoretical scanning speed of 40 mm . s-' with a linear resolution of 1 pm. All the six faces of each specimen were irradiated.
The power and the scanning speed were varied systematically in order to obtain the optimum operating parameters for the formation of well adherent, defect free and compositionally homogeneous surface alloy coatings. The surfaces of a pure iron sample without any predeposit were also irradiated to serve as a reference. The surface alloys so formed were characterized by optical microscopy, XRD, SEM, EDS and EPMA. The microhardness of the alloys at their surfaces as well as along the transverse section of the melt depths were measured with a Buehler microhardness tester at a constant load of 100 gf. High temperature oxidation kinetics of the coatings were studied at temperatures between 1173 and 1273 K in pure oxygen at a constant static pressure of 13.3 kPa (100 torr) for time ranging from 50 to 140 hours. The weight changes of the specimens were recorded continuously using a Setaram-B70 microbalance with an accuracy of 50 pg. For simplicity sake, the flat surface areas of the specimens have been considered in calculating the weight gain per unit area. Post oxidation analysis of the scale-alloy combination have been carried out with XRD, SEM and EPMA.
Results and discussion.
Preliminary studies established that it was necessary to adopt the following laser operating conditions to obtain defect-free, compositionally and microstructurally homogeneous alloys:
power density (qo) = 1.02 x 10' W . m-2 scanning speed (V) = 4 mm . s-', area coverage (A,) = 4 and 9 mg . cm-2 overlapping = 50%, protective gas = argon (flow rate of 5.0 1 . min-').
X-ray analyses of the two surface alloys detected the presence of (a)-Fe3Si. The surfaces of the laser treated samples were very bright with ripples. The two surfaces produced from the two different amounts of predeposited silicon exhibited identical microstructures. A representative optical micrograph of the cross section of the surface alloy is shown in figure 1, which depicts an initial narrow plane front solidification with high nucleation rate at the alloy/substrate interface, followed by large columnar grains extending up to the surface of the alloy. The elemental analyses carried out by EPMA and reproduced in figure 2 revealed the amount of silicon in the two alloys to be 16 and 25 at% with melt depths of 54 and 100 pm for predeposited silicon of 4 and 9 mg . ~r n -~ respectively. The increase in the melt depth for the higher quantity of predeposited silicon under identical conditions of laser irradiation is probably due to higher thermal conductivity of silicon. As a consequence the silicon content of the surface alloy is not largely affected by the quantity of predeposited silicon.
The microhardness values measured along the cross-section in the center of the pass of the two surface alloys are shown in figure 3 which clearly demonstrates the beneficial effect of higher silicon content. For the two alloys the hardness was highest on the surface (500 and 640 HVo.l for Fe-16 at% Si and Fe-25 at% Si respectively), with a slight drop in the alloyed zone followed by a gradual decrease in the heat affected zone until the substrate is reached, where the lowest value of 140 H V O .~ was recorded. In laser surface alloying with multiple passes, one may encounter microstructural difference between the center and the overlapped regions of the passes. This microstructural difference, which is due originally to the convective flow field and the degree of overlapping, was also characterized by hardness measurements. Figure 4 shows the measured hardness data between three successive overlapped regions along the direction of the laser pass at a depth of about 20 pm below the top surface. Both of the alloys exhibited identical characteristics: the highest values being recorded in the overlapped regions with a gradual decrease towards the center of the pass. Similar behaviour was also observed for stainless steel [14] simply on irradiation without any alloy additions.
The oxidation kinetics of laser melted pure iron and those of the two surface alloys are represented in figures 5 and 6. The surface alloys showed paralinear behaviour with a brief parabolic characteristic during the early period of oxidation as shown in the inset of figure 5 . The direct comparison of the absolute values of the weight gain data of the present study with those reported for bulk alloys [5] and surface alloys produced by reactive CVD [9] in the similar compositional range, is not justified because, with laser treatment, much larger distance (~m ) surface area is generated due to ripple formation. Therefore, the given curves, not taking into account this phenomenon, are to be considered as the most pessimistic. In spite of that, the beneficial effect of laser surface alloying of silicon with iron in reducing the oxidation rate is well demonstrated and the kinetic behaviour is almost identical to that reported by others ~5~9 1 .
X-ray analyses of the resultant scale on pure iron showed the presence of FeO, FesO4 and Fe20s, while for both of the surface alloys, only Fe203 was detected at all temperatures of investigation. The scales formed on both of the alloys were adherent, compact and highly tenacious with no evidence of spallation on cooling. However, at some isolated areas (2-5% of the total surface area), nodules appeared.
SEM observations of the top surface of the scale on pure iron revealed large grains of Fe304 with Fen03 mainly along the grain boundaries. The cross-section of the scale exibited three consecutive oxide layers which are usually observed on oxidation of pure iron i.e., a thin external layer of Fe203, a middle layer of Fe304 and an inner layer of FeO containing fine precipitates of Fe304. A typical cross-section of the scale developed on Fe-16 at% Si observed by SEM is shown in figure 7 . This figure shows a duplex structure consisting of Si02 and Fe203 at the scale base surmounted by an external layer of Fe203 only. No internal oxidation was detected in the subjacent alloy, but elemental analyses confirmed the inward diffusion of silicon into the substrate.
At the alloy/scaIe interface, the concentration of silicon did not ever fall below 6 at%. The X-ray map of silicon in the oxide scale is reproduced in figure 8 transforming to tridymite, which is the most stable form. Since XRD analyses done on the alloys failed to detect the SiOz phase, it could be said that the Si02 formed was amorphous.
Whether it is amorphous or crystallized form of Si02 appears to be of secondary importance since significant transport of a metallic element through Si02 having an oxide less stable than Si02 had been reported during oxidation of Cu-Si [20] , Ni-Si [15] and Fe-Si [5] alloys.
The development of the oxide scales on the two alloys occured by the same mechanism i.e., due to their high silicon content, both of them initially formed a discontinuous layer of Si02. This layer was unable to prevent the inward penetration of oxygen and the outward diffusion of iron. As a consequence, the initial parabolic characteristic was observed. The oxygen diffused to the alloy beneath and reacted hrther to form more Si02 while iron in its process of outward diffusion, reacted with the oxygen available around the discontinuous Si02 layer to form a mixture of Si02 and Fe203. With the passage of time, a smoother continuous healing layer of SiOa was established and maintained at the base of the SiOn and Fe20s mixture in contact with the alloy. With further exposure, only Fen03 was formed at the scalelgas interface due to the outward diffusion of iron. This outward diffusion of iron, which is probably in the metallic form through Si02 [5] may have taken place across a constant thickness of Si02 resulting in the linear oxidation kinetics observed.
The formation of nodules had earlier been attributed to the depletion in silicon concentration (at the internal oxidized scale boundary) to a value below which an effective SiOp layer could form [2] . SEM micrograph of the cross section of a nodule formed on Fe-16 at% Si alloy is presented in figure 9 . The outer shell of the nodule is found to consist of pure FepOs with porous interior containing Fe304, FeO and Fe2Si04 in sequence. An enlarged SEM view of Fe2Si04 at the nodule base in contact with the surface alloy as depicted in figure 10 showed it to be highly porous which explains the chemistry of the nodule formation. However, the sites of nucleation for such localized manifestation of iron oxidation are possibly limited to the regions where surface cracks developed during oxidation. This idea is supplemented by the fact that the concentration of silicon in the alloy around the nodule base did not fall below an average value of 6 at% and no internal oxidation as observed even after 140 hours of oxidation.
Conclusion.
Two Fe-Si surface alloy coatings have been prepared by laser irradiation on iron substrates precoated with silicon. The coatings were well adherent, defect free, compositionally and microstructurally homogeneous. They exhibited three to four times more surface hardness than pure iron as well as resistance to high temperature oxidation comparable to those ofbulk Fe-Si alloys. Both of these properties increased with increasing silicon content. The reduction in oxidation rate is attributed to the presence of an amorphous SiOP layer at the alloy/oxide interface which serves as a partial barrier to the outward diffusion of iron. Even though silicon had suffered inward diffusion into the substrate during oxidation, its concentration at the alloy/scaIe base did not fall below 6 at%.
